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Abstract
Sodium alginate (SA) fabrics decorated with reduced graphene oxide (rGO) and 
polypyrrole (PPy) serving as multifunctional materials are prepared by thermal-press 
reduction and in-situ polymerization. The superior conductivity (0.17 kΩ·sq-1) of 
SA/rGO/PPy composite fabric is optimized through L9(34) orthogonal experimental design. 
Microstructures of the resultant SA/rGO/PPy composite fabric are investigated by field 
emission -scanning electron microscopy, Raman spectroscopy, X-ray photoelectron 
spectroscopy and X-ray diffraction measurement, respectively. It is found that SA/rGO/PPy 
composite fabric possesses not only excellent thermal stability but also mechanical durability. 
The results of NH3 gas experiments indicate that SA/rGO/PPy composite fabric exhibits 
reliable linearity of concentration (2-16 ppm) dependency, unique repeatability, a high 
sensing response (10.7%) at low detection limit of 2 ppm and admirable selectivity. 
Moreover, SA/rGO/PPy composite fabric acting as a heater can reach to approximately 40-
90 ℃ at low voltage of 3 V to 9 V. Hence, the optimum SA/rGO/PPy composite fabric is 
supposed to be used as ultrasensitive NH3 gas sensor and wearable heater for nephropathy 
diagnosis purpose and thermo-responsive drug deliver in point-of-care (POC) application to 
develop a closed-loop treatment. 
Keywords: flexible NH3 gas sensing, wearable heater, thermal-press reduction, reduced 
graphene oxide, pyrrole in-situ polymerization 
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1. Introduction
The dramatically increase of aging population and life expectancy of human being force 
healthcare system to face increasing expenses and heavy burdens nowadays, which requires 
effective solutions to relieve pressure without elevating costs [1-2]. Smart wearable and 
implantable electronics such as actuators, sensors and wireless communication devices have 
been recently developed for point of care (POC) applications [3-5]. These devices can not 
only measure physiological and activity signals like heart rate, body temperature and blood 
pressure, but can also provide readouts for some specific pathologies like diabetes, renal 
illness and cardiovascular diseases [6-9]. Such approaches minimize the overall treatment 
expenditure and improve quality of life, leading to a fundamentally new path of healthcare 
management [10]. Recently, some researches indicate that the ammonia concentration in 
breath is associated with nephropathy, which is one of the most severe health issues in the 
world [11]. Due to the lose of dialysis function of kidneys for renal disease patients, urea will 
remain in blood and accumulate in form of ammonium ions which permeate through lung 
membrane via respiratory process as NH3 gas at a level ranging from 0.82 ppm to 14.7 ppm 
(mean 4.88 ppm) in exhaled breath [12]. For the sake of diagnosis at early stage, several 
commercial detection techniques including biopsy, urine and blood tests are applied to 
evaluate indicators (blood urea nitrogen amount and glomerulus filtration rate) of nephropathy 
[13]. However, these methods are invasive, and require expensive testing machines and 
additional skilled personnel in the hospital. Therefore, it is highly desirable to develop a non-
invasive measurement for timely detection of renal disease while cost-effective and portable 
NH3 gas sensor has become an ideal tool for disease diagnosis in POC system.
Currently, there are numerous studies on NH3 gas sensors, mainly focus on exploiting 
sensing materials to improve sensitivity and selectivity [14]. The mainstream materials are 
metal oxides such as ZnO, TiO2, SnO2 and etc., which exhibit low detection limit but poor 
selectivity [15-16]. In addition, high operating temperature at 100 to 450 ℃ restrict their 
practical applications [17]. Graphene-based materials (namely graphene, GO and rGO) have 
been seen extensive usages in various gas sensors. Particularly, rGO with inherent 
characteristics including excellent stability, large theoretical specific surface area and 
structural defects on surface, is capable of offering increased binding sites for gas adsorption 
[18-20]. In addition, rGO are commonly obtained by means of reducing GO through reactive 
reductants like hydrazine, sodium borohydride and hydriodic acid [21]. These reductants are 
mostly toxic and may be harmful to human health and environment. Thermal reduction of GO 
has demonstrated as an effective and green method and the annealing temperature is as low as 
200 ℃ [22]. Conductive polymers have shown enormous potential in volatile organic 
compounds (VOCs) detection at room temperature as a result of their unique sensitivity, short 
response time and easy processing [23-24]. Polypyrrole (PPy) in particular has been widely 
used due to its outstanding chemical stability, redox properties, surface charge tunable 
characteristics, ease of chemical synthesis and light weight [25-26]. Moreover, obvious 
improvement of pyrrole dispersion is observed due to the self-assembled pyrrole monomers 
on rGO surface via π−π stacking and electrostatic interaction, which means that the 
combination of PPy and rGO are expected to have a synergistic effect on facilitating NH3 
sensing ability [27-28].
POC diagnostic systems with portable equipment and simple operations hold tremendous 
promise for early detection of disease at a curable stage [29]. Zeng et. al. developed a novel 
tactile chemomechanical biosensing platform for POC testing [30]. Yet the current POC 
managements always lack a real-time and effective treatment scheme against feedback of 
dynamic sensing so a closed-loop therapeutic system can be developed [31-32]. Targeted 
treatment triggered by sensing results can be achieved by drug deliver and different materials 
that are responsive to various stimuli involving electrical, light, thermal and magnetic as an 
alternative way to control drug release on demand have been studied [33-36]. Thermal-
stimulated drug carriers considered as harmless materials will be locally released when 
temperature reaches the desired level, which can be achieved by a heater [37]. Thus, NH3 
sensing and thermal-sensitive drug delivering by heater in a closed-loop therapeutic system 
endows a significant possibility in POC management.
In this work, a layered rGO/PPy composite based on sodium alginate fabric (SA, a 
biocompatible cellulose-based textile) is fabricated by hot press method and in-situ 
polymerization, respectively. The optimized SA/rGO/PPy conductive composite is obtained 
by means of orthogonal experiment and acted as NH3 gas sensor and thermal-sensitive drug 
deliver used heater in a closed-loop POC system. The NH3 sensing performances of fabric 
composites are measured as a function of NH3 concentration in natural environment 
containing nitrogen, oxygen, other rare gas and impurities. Further discussion in terms of gas 
sensing mechanism is thoroughly conducted. By applying different voltages to composites, 
the heating properties are investigated and can be tuned for drug delivery system. 
Consequently, such layered SA/rGO/PPy composite fabrics with multifunction exhibit 
extraordinary prospects in wearable closed-loop POC application.
2. Experimental
2.1 Chemicals and Materials
The knitted sodium alginate fabric (SA, 240 g·cm-2) in pure white were manufactured by 
Taicang Biqi Novel Material Co. Ltd. Graphene oxide (GO) was initially prepared from 
graphite flakes by a typical Hummers method. Polyvinylpyrrolidone (PVP), pyrrole (Py) 
monomer, ferric chloride hexahydrate (FeCl3·6H2O) and sodium anthraquinone-2-sulfonate 
(SAQS) were purchased from Sigma-Aldrich. All other chemicals were of analytical grade 
and were used without further purification unless otherwise mentioned. Deionized (DI) water 
(18.2 MΩ cm) was used in whole experiments for solutions, synthesis and rinsing.
2.2 Thermal-press reduction of GO 
SA fabric was pre-cleaned with acetone and non-ionic detergent to remove impurities and 
grease, following rinsing with DI water and drying. To obtain a well-dispersed GO solution, a 
certain amount of GO powder was sonicated in 200 ml DI water with 100 mg PVP as 
dispersant for 30 min. SA fabric was then immersed in GO aqueous solution with magnetic 
stirring for 30 min for thoroughly adsorption and GO-deposited SA fabric (SA/GO) was dried 
in an oven at 80 ℃ for 30 min. The SA/GO fabric was hot pressed with a flat heat machine 
(PTJ38, Yiwu Maike Digital Imaging Co., Ltd, China) at certain temperature for a period time 
to reduce GO to reduced GO (rGO). In order to have an optimal thermal-press condition, an 
orthogonal experimental design was applied by using Orthogonal Design Assistant II software 
(Sharetop Software Studio). Variables including GO concentration (1, 3 and 5 mg·ml-1), 
thermal-press temperature (160, 180 and 200 ℃) and time (30, 60 and 90 min) were identified 
to have significant effects on conductivity of rGO coated SA fabric (SA/rGO). Therefore, a 
L9(34) matrix which is an orthogonal array of three factors and three levels was employed to 
assign the considered factors and levels as displayed in Table S1.
2.3 In-situ polymerization of Py monomer
The optimal SA/rGO fabric was then used as the backbone for Py polymerization. In a 
typical in-situ chemical synthesis process, Py monomer along with the same concentration of 
dopant (SAQS) was added to 200 ml DI water and sonicated in ice bath until no obvious 
aggregations were observed. The SA/rGO fabric was then soaked in as-prepared Py monomer 
solution for 30 min at 4 ℃ so that Py monomer can penetrate into the fabric. Oxidant solution 
was prepared by dissolving FeCl3·6H2O in 200 ml DI water under magnetic stirring for 10 
min at room temperature. The in-situ polymerization reaction was performed by titrating 
oxidant solution into Py monomer solution in ice bath and the color of the solution changed 
almost instantaneously to black once the reaction was occurred. After polymerization, the PPy 
deposited fabric (SA/rGO/PPy) was sequentially rinsed with DI water to remove unreacted Py 
monomer and blank PPy powders, and dried in an oven for 30 min at 60 ℃. Orthogonal 
L9(34) experimental design was used in PPy synthesis as well to obtain an optimized 
SA/rGO/PPy fabric. The concentration of Py monomer solution (0.1, 0.2 and 0.3 mol·L-1), 
ratio of Py monomer and oxidant (2:1, 1:1 and 1:2) and reaction time (60, 120 and 180 min) 
were designed as factors and levels in Table S2. In addition, PPy coated SA fabric (SA/PPy) 
was also prepared as a control group. The whole fabrication process of optimal SA/rGO/PPy 
fabric was illustrated in Fig. 1.
2.4 Characterization of microstructures and durable performance
The fabric samples were conditioned at 20  2°C and 65  2% relative humidity for 24 h 
prior to measurements. Morphologies of fabric samples were observed by a field emission-
scanning electron microscope (FE-SEM, S-4300SE, Hitachi, Japan). Laser Raman 
spectrometer (inVia, Renishaw, Britain) operating a laser at wavelength of 514 nm and power 
of 25 mW was utilized to perform Raman spectra investigations in the range of 500 to 3000 
cm−1. X-ray photoelectron spectroscopy (XPS) spectra were carried out on an X-ray 
photoelectron spectrometer (Thermo ESCALAB 250XI) using aluminum Kα x-ray beam as 
the excitation source. Crystallographic information for the fabric samples were studied using 
an X-ray diffraction (XRD, Rigaku D/MAX-2500, Japan) with Cu Kα radiation. Surface 
resistances (Rs) of the fabric samples were recorded by a digital four-point probe (ST2258C, 
China) and at least five measurements were conducted to obtain average values. Tensile 
strength of the fabric samples was performed on an electronic fabric strength tester (CMT-
4304-QY) according to GB/ T 3923.1-1997 standard. Thermogravimetric analyzer (TGA, 
DTG-60H, SHIMADZU, Japan) was employed to investigate the thermal stability for fabric 
samples in nitrogen atmosphere with heating rate of 5 °C/min from 30 °C to 1000 °C. The 
fabric samples were subjected to various numbers of domestic washing and drying procedures 
based on GB/T 17595-1998 for water durability test. Electrical performances were compared 
before and after 3, 6, 9 and 12 laundry cycles to validate the serviceability of fabric samples. 
2.5 Characterization of sensing and heating behaviors
The NH3 gas sensing characteristics of fabric samples were analyzed on a homemade gas 
handling system. Basically, the SA/rGO/PPy fabric was mounted in a closed chamber and 
well-coated with silver paste (Ausbond®) at two ends for electrical connection. The change in 
electrical resistance was measured by LCR meter (IM 3590, HIOKI, Japan) at various NH3 
gas concentration (2-16 ppm). Desired NH3 gas concentration was well-controlled by diluting 
100 ppm NH3 with wet air. The sensing measurement was conducted at practical environment 
as atmospheric pressure, room temperature and wet air (50% relative humidity). The sensing 
response of SA/rGO/PPy fabric was defined as the equation (1):
Rrel (%) = (RNH3-R0)/R0 × 100%                                               (1)
where R0 was the base value of electrical resistance and RNH3 was the variational electrical 
resistance upon exposure to NH3 gas. To investigate the heating performance, a constant 
voltage (3-9 V) provided by DC power supply (RXN-30) was applied to SA/rGO/PPy fabric 
with an area of 2 cm × 2 cm. Meanwhile, a thermometer (UT320V3.01) was utilized to record 
the real-time temperature on the surface of SA/rGO/PPy fabric. 
3. Results and discussion
3.1 Optimization of preparation conditions
Since various parameters potentially affect the process of GO thermal-press reduction and 
Py monomer in-situ polymerization, the optimization of experimental conditions is a critical 
step for the improvement of green and efficient fabrication method. Parameters including GO 
concentration, thermal-press temperature and time for thermal-press reduction of GO are 
optimized while concentration of Py monomer solution, ratio of Py monomer and oxidant and 
reaction time are taken into consideration for in-situ polymerization of Py monomer. In both 
optimization experiments, average Rs values and standard deviation (SD) are used for the 
evaluation indices of the preparation of SA/rGO/PPy fabric. The results of experiments, 
calculated K values (average of the same level) and R values (K values range) are displayed 
in Table 1 and Table 2, respectively. Optimal level of factors for fabrication process is 
achieved by comparing different K values meanwhile R values reflect the most significant 
determinant of the level on average Rs and its SD. It is observed in Table 1 that the thermal-
press temperature plays an important role in Rs value and SD for GO reduction followed by 
thermal-press time and GO concentration. The optimal parameters for SA/rGO fabric to 
obtain a lowest Rs value (3.14 kΩ·sq-1) are that GO concentration of 5 mg·ml-1, reaction 
temperature at 200 ℃ and reaction time of 60 min. Optimization experiment of Py monomer 
polymerization is then conducted on the basis of superior SA/rGO fabric. The results in Table 
2 show that the influences on conductivity decreases in the order: ratio of Py monomer and 
oxidant > concentration of Py monomer solution > reaction time. The optimum preparation 
conditions for SA/rGO/PPy fabric (lowest Rs value of 0.17 kΩ·sq-1) based on orthogonal 
experimental design are the ratio of 1:2, Py concentration of 0.3 mol·L-1 and reaction time of 
120 min.
3.2 Morphologies and microstructures of SA/rGO/PPy fabric
Fig. 2 successively presents the morphologies of SA fabric, SA/GO fabric, SA/rGO fabric 
and SA/rGO/PPy composite fabric. The pristine SA fabric in Fig. S1 and Fig. 2a shows a 
typically fibrous structure with fibers twisting with each other and a relatively smooth surface 
with little impurities but some trenches owing to the wet-spinning process of SA fibers. After 
SA fabric is deposited with GO, flake layers are observed visibly to be affixed to the surface 
of SA fibers from SEM image in Fig. 2b, which indicates the successful assembly of GO 
sheets on fabrics. Morphologies of different GO concentrations on fabrics are characterized in 
Fig. S1 and the roughness of surface becomes more significant with the increased GO 
concentration. Grooves, wrinkled and rippled structures of rGO nanosheets verify the 
reduction of GO on SA fabric surface during thermal-press procedure as shown in Fig. 2c. In 
addition, smooth fiber surface and gaps between SA fibers are disappeared and completely 
covered by rGO nanosheets. Fig. 2d demonstrates that PPy nanoparticles with cauliflower-
like structure are homogeneously distributed on the surface of rGO nanosheets. Py monomers 
containing a number of sp2 carbon atoms are firstly adsorbed on the surface of rGO attributed 
to electrostatic attraction and polymerized in the presence of FeCl3. A closer observation of 
PPy layer in the inserted image in Fig. 2d indicates that PPy nanoparticles have a spherical 
granular structure with particle size in the range of 200 to 500 nm. Such porous morphology 
of SA/rGO/PPy composite fabric is advantageous to the adsorption of NH3 gas molecules, 
resulting in superior sensitivity.
Raman spectrum (in the range of 500 to 3000 cm-1) reflecting structural changes during 
thermal-pressing and in-situ polymerization to form SA/rGO/PPy composite fabric are shown 
in Fig. 3a. The fundamental bands of pristine SA fabric (regenerated cellulose) are observed 
and the characteristic signals of cellulose are presented at 1090 cm-1 and 1106 cm-1, which are 
associated with asymmetric stretching vibration of C-O-C glycosidic linkage. Bands revealed 
at 1294 cm-1 and 1380 cm-1 are assigned to C-OH bonds and symmetric vibration of C-H 
bond, respectively. Additionally, signals observed at 682 cm-1, 789 cm-1, 891 cm-1 and 994 
cm-1 can be ascribing to C-OH, O-H, C-H and C-O bonds, respectively. To verify GO 
thermal-press reduction, Raman spectrum of SA/GO fabric and SA/rGO fabric are displayed 
in Fig. 3a. Two prominent peaks at 1343 cm-1 and 1589 cm-1 corresponding to D peak 
(disordered sp3 C atoms) and G peak (ordered sp2 C atoms) of graphitic materials are 
identified in SA/GO fabric. However, the D band and G band peak shift to 1340 cm-1 and 
1584 cm-1, respectively for SA/rGO fabric and the intensity ratio of D and G band 
(ID/IG=1.12) of SA/rGO fabric is higher compared to that of SA/GO fabric (ID/IG=0.95). 
This is an indicator of the shrinkage in size of graphitic domains and sp2 cluster number 
during thermal-press reduction, which further discloses the high reduction efficiency of 
heating condition. Two typical peaks of SA/PPy fabric at 1048 cm-1 and 1566 cm-1 (Fig. 3a) 
are attributable to C=C stretching vibration and C-H in-plane deformation vibration in PPy. 
Moreover, peaks at 962 cm-1 and 1336 cm-1 are attributed to the ring-stretching mode of PPy 
in SA/PPy fabric. For Raman analysis of SA/rGO/PPy composite fabric, peaks belonging to 
rGO layer and PPy layer (at 961 cm-1, 1047 cm-1, 1348 cm-1 and 1569 cm-1, respectively) are 
detected while those contributed to SA substrate are disappeared, confirming the uniform and 
compact coverage of rGO and PPy on SA fabric.
XPS is employed to investigate the quantitative elemental compositions and chemical states 
of SA/GO fabric, SA/rGO fabric, and SA/rGO/PPy fabric as shown in Fig. S2 and Fig. 3(b-e). 
The main elements of C, N and O are obviously seen in XPS survey spectra in Fig. S2. The 
C1s spectra of SA/GO fabric in Fig. 3b can be deconvoluted into four peaks at binding energy 
of 284.7 eV (C-C/C=C), 286.5 eV (C-O), 287.1 eV (C=O) and 288.3 eV (O=C-O). Compared 
with SA/GO fabric, the intensity of three C-O bonding peaks in SA/rGO fabric (Fig. 3c) 
decrease significantly implying the success of GO reduction. Moreover, the C/O atomic ratio 
(1.20) of SA/GO fabric is lower than that of SA/rGO fabric (6.82) due to the reducing amount 
of residual oxygenated groups after thermal-press treatment, which is consistent with Raman 
results. The decomposed Gaussian peaks of C1s for SA/rGO/PPy fabric (in Fig. 3d) are 
located at binding energy at 283.3 eV, 284.5 eV and 286.1 eV corresponding to C-C, C-N and 
C-O, respectively. N1s XPS core-level spectra for SA/rGO/PPy fabric (shown in Fig. 3e) is 
deconvoluted into two Gaussian peaks with binding energy of 399.28 eV (C-N/N-H) and 
400.5 eV (C-N=O) confirming the presence of PPy. 
XRD pattern of SA/rGO/PPy composite fabric is displayed in Fig. 3f and the crystalline 
identities of fabric samples in each step are shown in Fig. S3. The peak at 2θ = 10.7° (with d-
spacing of 0.83 nm) corresponds to (0 0 1) of GO in SA/GO fabric while a broad diffraction 
peak at 2θ = 28.0° (with d-spacing of 0.32 nm) and a weak peak at 2θ = 41.5° are observed in 
the XRD pattern of SA/rGO fabric (Fig. S3). The reduction in d-spacing verifies the removal 
of oxygen trapped between GO nanosheets during thermal-press reduction. For SA/rGO/PPy 
composite fabric, a small intense peak appeared at 2θ = 41.5° and broad peak located at 2θ = 
28.4°are characteristic diffraction peaks for graphite like structure of rGO and amorphous 
structure of PPy, respectively. The overlapping diffraction peaks of rGO and PPy indicate the 
formation of SA/rGO/PPy composite fabric during in-situ synthesis process. 
3.2 Durability of SA/rGO/PPy composite fabric
Durability is essential to the practical application of SA/rGO/PPy composite fabric, hence, 
measurements including tensile strength, thermal stability and fastness to washing are carried 
out as shown in Fig. 4. Typical stress-strain curve of SA/rGO/PPy composite fabric (wale 
direction) during stretching is plotted in Fig. 4a and it exhibits high breaking strength (95.48 
MPa) and elongation rate (139.35%) due to the knitted structure of SA substrate, which also 
implies that high temperature during thermal-pressing do not cause damage on fabrics. The 
relationship between temperature and weight change is illustrated by thermogravimetric 
analysis as shown in Fig. 4b. In TGA curve of SA/rGO/PPy composite fabric, dramatic mass 
loss of 59.01% in the temperature range of 100 °C to 800 °C is caused by dehydration of SA 
substrate, decomposition of functional groups in rGO and PPy components. Fastness to 
washing is tested to estimate the bonding strength of decorated rGO/PPy nanosheets with SA 
fabric. Surface resistances of SA/rGO/PPy composite fabric before and after repeated washing 
cycles are recorded in Fig. 4c. It can be seen that the conductivities of SA/rGO/PPy composite 
fabrics suffering from three laundry procedures increase slightly compared to that of original 
fabric without washing (from 174 ± 5 Ω·sq-1 to 181 ± 6 Ω·sq-1). It is noteworthy that the 
resistance of SA/rGO/PPy composite fabrics (211 ± 6 Ω·sq-1) has little variations even after 
12 cycles of laundry due to the hydrophobic nature of PPy, which reveals an admirable 
waterproof ability. 
3.3 NH3 sensing behaviors of SA/rGO/PPy composite fabric
The explorations of SA/rGO/PPy composite fabrics as sufficient materials for NH3 sensing 
performance is conducted by recording Rrel of fabric samples exposing to NH3 gas. The real-
time dynamic response towards different NH3 gas concentrations within the range of 2-16 
ppm at room temperature is plotted in Fig. S4 and Fig. 5a. The response of SA/rGO/PPy 
composite fabric undergoes an abruptly upward tendency in the initial few seconds and then 
gradually approaches steady level upon exposure to target gas concentration. The response 
time refers to the time reaching 90% of total electrical resistance variation whereas recovery 
time is defined as the time required to recovering to 90% of the initially measured electrical 
resistance. The SA/rGO/PPy sensor exhibits a 90% response time of about 19 s and a 90% 
recovery time of about 24 s toward 16 ppm NH3 exposure. Sensing response of SA/rGO/PPy 
composite fabric is increased with the increment of NH3 gas concentration. The power-law of 
dependence between response and NH3 concentration can be found in SA/rGO/PPy composite 
fabric because gas adsorption is not uniform across heterogeneous surfaces. Based on 
Freundlich adsorption isotherm, concentration dependency obeys the following equation (2):





where △R, C, α and β denote the resistance variation before and after NH3 gas adsorption, 
NH3 gas concentration, a proportionality factor, and the exponent. Since the concentration of 




between logarithmic sensing response and logarithmic NH3 concentration suggests a 
commendable linearity with a slope of 0.8469 and R square of 0.9784 as depicted in Fig. 5b. 
To identify the lowest detection of NH3 gas concentration, SA/rGO/PPy composite fabric is 
subjected to 1 ppm NH3 gas (Fig. S5). The result indicates that no discernible variations in 
resistances are obtained, which means the limits of detection is taken to be 2 ppm. Moreover, 
the sensing response and sensitivity at minimal detection limit (2 ppm) is about 10.7% and 
5.4%/ppm, respectively, which is superior to those of NH3 sensors in the literature listed in 
Table 3. 
SA/rGO/PPy composite fabric with ultrahigh sensitivity then experiences 5 and 100 
successive cycles of NH3 gas exposure at 3 ppm (in Fig. 5c and Fig. S6), respectively, 
demonstrating a repeatable response of 12.4 ± 0.46%. The excellent reproducibility of 
SA/rGO/PPy composite fabric is evaluated by testing five batch samples at different NH3 gas 
concentration as revealed in Fig. S7. Sensing responses of SA/rGO/PPy composite fabric are 
also relatively stable for a long period time observation (Fig. S8), which implies the reliable 
serviceability as a NH3 gas sensor. Furthermore, SA/rGO/PPy fabric displays an ignorable 
response to humidity (compared with NH3 gas sensing) when RH is lower than 85%, and 
specifically, less than 3% variation in Rrel value with a change of 10% RH when RH is higher 
than 85% (Fig. S9). No obvious variations are observed for NH3 sensing performance after 
500 times bending tests (radii of curvature is 1 mm) as demonstrated in Fig. S10, which 
indicates that SA/rGO/PPy fabric is flexible enough for wearable sensing applications. 
The selectivity of SA/rGO/PPy sensor is demonstrated in Fig. 5d, in comparison with other 
analytes involving ethanol, methanol, acetone, toluene, hexane, chloroform, H2, CO, CO2, 
SO2 and NO2. The saturated concentrations of vapors are generated at room temperature by 
diluting with dry air to 1%. The concentrations of gaseous detection (H2, CO, CO2, SO2 and 
NO2) are fixed at 500 ppm, except that of NH3 gas (5 ppm). The results suggest that 
SA/rGO/PPy sensor exhibits predominant selectivity to NH3 gas even the concentration of 
interfering gases are 100 times higher than that of NH3 gas. It is noteworthy that when 
SA/rGO/PPy sensor is exposed to CO2 and NO2, negative responses are observed as shown in 
Fig. 5d. This phenomenon is explained by accepting electrons from SA/rGO/PPy composite 
fabric by strong oxidizing gas (i.e. CO2 and NO2), leading to the increase of hole density and 
decrease of electrical resistance. Therefore, in the case of simultaneous presence of CO2, NO2 
and NH3 gas, the sensing response of SA/rGO/PPy composite fabric will decline owing to the 
complementarity or competition between electron acceptors (CO2 and NO2) and electron 
donors (NH3). To our best knowledge, the concentration of CO2 in the exhaled air is higher 
than normal air, however, little influence will be generated on the overall response, which 
reveals a great potential for NH3 gas detection in breathing. 
The sensing behavior of SA/rGO/PPy composite fabric is in accordance with sensing 
characteristics of p-type semiconductor, exhibiting the increase of resistance when exposed to 
NH3 gas. The possible mechanism is proposed to be a deprotonation/protonation process 
through NH3 gas adsorption/desorption on the surface of composite fabric (in Fig. 1). When 
electron-donating NH3 molecules adsorb onto PPy surface, the doublet of nitrogen in NH3 
loses an electron to the nitrogen of π backbone of PPy through electrons transfer, which acts 
as a dedoping (deprotonation) process, giving rise to the increase of resistance in PPy. After 
NH3 gas removal, the electrons in backbone of PPy are back to NH3 and the neutralized PPy 
recovers the resistance to the initial value. The deprotonation/protonation process is followed 
by the equation (3) and equation (4). 
PPy+ + NH3 → PPy0 + NH3+  Adsorption                                       (3)
PPy0 + NH3+ → PPy+ + NH3  Desorption                                       (4)
The resistance changing in electron transfer occurred on the surface of PPy can be 
effectively transferred to rGO due to the good interfacial affinity. rGO with high density of 
sp2-bonded carbon, vacancies, structural defects and residual oxygen functional groups builds 
a hole-transporting matrix, function as a p-type semiconductor. The electrons transfer depletes 
holes in the matrix and thus increase the resistance of rGO. The synergistic effect of PPy and 
rGO enhances the sensing response of SA/rGO/PPy composite fabric to NH3 gas by 
facilitating electrons transfer between NH3 molecules and composite fabric. In addition, a gas-
sensing model (detailed in Supplementary material) is established for SA/rGO/PPy composite 
fabric and expressed as:






where r0, r1, Km and C0 are resistance of vacant site, resistance of occupied site, constant of 
adsorption equilibrium and concentration of gas. The overall resistance of SA/rGO/PPy 
composite fabric is considered as n resistance of R in parallel and each R is composed of m 
resistance of r in series. R and r present the resistance of sensing layer and site while n and m 
denote the number of conduction paths and active sites, respectively. As a result, a thinner 
sensing material with lower n value (less conduction paths) and higher m value (more active 
sites) will generate a better sensing response signal. The SA/rGO fabric prepared by thermal-
press reduction discloses a relatively smooth surface as shown in Fig. S11 because of the 
pressure during pressing, meanwhile reduce the thickness of sensing layer compared with 
other fabrication methods (like CVD and using reductants). In addition, PPy deposited on 
rGO surface will boost the active sites (i.e. promote m value). Therefore, SA/rGO/PPy 
composite fabric with relatively smooth rGO surface (lower n value) and PPy activated sites 
(higher m value) possesses an extraordinary sensing response. 
3. 4 Joule heating performance of SA/rGO/PPy composite fabric
In drug delivering system, heater is a significant module to trigger the release of thermal-
responsive drug carriers. The heating performance of SA/rGO/PPy composite fabric is 
evaluated by monitoring the temperature of central region on composite fabric with an 
electronic thermometer. The variations in temperature versus time at different applied 
voltages are plotted in Fig. 6a. When voltage is applied to the conductive fabric, temperature 
increases rapidly and reaches a relatively high and stable stage, while it decreases slowly to 
the initial value after removing voltage. The maximum temperature increases with the 
increment of voltage and the maximum surface temperature ranges from 42.4 ℃ to 88.9 ℃ 
within the voltage of 3-9 V. It is noteworthy that the optimum operating temperature of heater 
is approximately 40 ℃ - 45 ℃ and the safe voltage for human being is below 24V. Thus, this 
portable SA/rGO/PPy composite fabric as heater is capable of generating suitable temperature 
by commercial battery. The relationship between measured temperature and applied voltage is 
determined by Joule’s law and the results (in Fig. 6b) manifest an excellent linear correlation 
with R square of 0.9918. In order to prove the durability of SA/rGO/PPy composite fabric, the 
bending influence on heating performance is examined. SA/rGO/PPy composite fabric is 
suffered from various bending times and the temperature (at 3 V) retains stable even after 
1000 times bending (in Fig. S12). The results indicate that SA/rGO/PPy composite fabric with 
outstanding heating property is admirable for practical usage in closed-loop drug delivering 
system. 
Conclusions
Wearable SA/rGO/PPy composite fabric is obtained through an environmental-friendly 
thermal-press method and simple in-situ polymerization. SA/rGO/PPy composite fabric with 
superior conductivity (Rs value of 0.17 kΩ·sq-1) is optimized through L9(34) orthogonal 
experimental design. The optimal parameters for GO reduction are GO concentration of 5 
mg·ml-1, reaction temperature at 200 ℃ and reaction time of 60 min while for Py monomer 
polymerization are the ratio (Py monomer and oxidant) of 1:2, Py concentration of 0.3 mol·L-
1 and reaction time of 120 min. The optimum SA/rGO/PPy composite fabric is able to detect 
NH3 gas at low concentration (2-16 ppm) and exhibits an extraordinary sensing response of 
10.7% at minimal detection limit of 2 ppm due to the synergistic effect of PPy and rGO. It is 
notable that the selectivity of SA/rGO/PPy composite fabric among volatile organic 
compounds and gases is admirable as well. In addition, SA/rGO/PPy composite fabric can be 
heated to above 40 ℃ at applied voltage of 3 V, which demonstrates a function as heater. 
Such versatility grant SA/rGO/PPy composite fabric ideal opportunity to act as ultrasensitive 
NH3 gas sensor and wearable heater for renal disease diagnosis (which requires a typical NH3 
gas detection range of 2 ppm to 15 ppm) and effective drug deliver in closed-loop POC 
treatment.
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Fig. 1 Schematic of the fabrication of SA/rGO/PPy composite fabric.
Fig. 2 FE-SEM images of pristine SA fabric (a), SA/GO fabric (b), SA/rGO fabric (c) and 
SA/rGO/PPy fabric (d) with high magnification of PPy nanoparticles in the inserted image. 
The scale bar is 10 μm. 
Fig. 3 (a) Raman spectra of SA fabric, SA/GO fabric, SA/rGO fabric, SA/PPy fabric and 
SA/rGO/PPy composite fabric, C1s XPS core-level spectra of SA/GO fabric (b) and SA/rGO 
fabric (c), C1s (d) and N1s (e) XPS core-level spectra of SA/rGO/PPy composite fabric, (f) 
XRD profile of SA/rGO/PPy composite fabric.
Fig. 4 (a) Stress-strain curve of SA/rGO/PPy composite fabric, (b) TGA analysis of 
SA/rGO/PPy composite fabric, (c) Rs values of SA/rGO/PPy composite fabric after various 
laundry cycles.
Fig. 5 (a) The NH3 gas concentration dependency of Rrel sensing response for SA/rGO/PPy 
composite fabric in the range of 2 to 16 ppm, (b) Log-Log linear fitting curve of sensing 
response for SA/rGO/PPy composite fabric as a function of NH3 gas concentration, (c) Rrel 
sensing response to NH3 gas for SA/rGO/PPy composite fabric versus time undergoing 5 
successive cycles at 3 ppm, (d) Selectivity of SA/rGO/PPy sensor with various analytes.
Fig. 6 Time-dependent temperature changes of SA/rGO/PPy composite fabric under different 
applied voltages (a), Linear fitting curve of temperature of SA/rGO/PPy composite fabric as a 
function of voltages.
Table 1
Analysis L9(34) orthogonal experimental design of GO thermal-press reduction








1 1 160 30 987.64
2 1 180 60 19.70
3 1 200 90 6.87
4 3 160 60 47.40
5 3 180 90 4.38
6 3 200 30 3.39
7 5 160 90 12.00
8 5 180 30 27.47
9 5 200 60 3.14
K1 338.07 349.01 339.5
K2 18.39 17.18 23.41
K3 14.20 4.47 7.75
R 323.87 344.54 331.75
Table 2
Analysis L9(34) orthogonal experimental design of Py monomer in-situ polymerization
No. Py concentration 
(mol·L-1)




1 0.1 2:1 60 3.48
2 0.1 1:1 120 3.32
3 0.1 1:2 180 2.07
4 0.2 2:1 120 2.40
5 0.2 1:1 180 0.38
6 0.2 1:2 60 1.33
7 0.3 2:1 180 2.17
8 0.3 1:1 60 2.21
9 0.3 1:2 120 0.17
K1 2.96 2.68 2.34
K2 1.37 1.97 1.96
K3 1.52 1.19 1.54
R 1.44 1.49 0.80
Table 3
Comparisons of NH3 gas sensing performance among SA/rGO/PPy composite fabric and other 
reported gas sensing materials









TiO2/rGO 5 0.2 114 304 38
ZnO/rGO 10 0.1 84 216 39
PANI/rGO 10 3.4 20 27 40
PANI/rGO-MnO2 5 1.2 1080 240 41
PPy/rGO 3 0.1 147 Heating 42
PPy/G 1 1.7 150 325 43
SA/rGO/PPy 2 5.4 19 24 In this work
1. Reduced graphene oxide (rGO) is prepared by thermal-press reduction.
2. Polypyrrole (PPy) is prepared by in-situ polymerization.
3. SA/rGO/PPy fabric is optimized through L9(34) orthogonal experimental design.
4. Multifunctional SA/rGO/PPy fabric can be used as NH3 gas sensor and heater.
5. SA/rGO/PPy fabric is designed for wearable closed-loop POC application.







